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^ ' Abstract 

^ , Phenomenological issues of the CP violation in the quark sector of 

1—5 \ the Standard Model are discussed. We consider quark mixing in the 

QQ ' SM, standard and Wolfenstein parametrization of the CKM mixing 

. matrix and unitarity triangle. We discuss the phenomenology of the 

CP violation in and i?^(5^)-decays. The standard unitarity tri- 
i-S^ ■ angle fit of the existing data is discussed. In appendix A we compare 

the ^ , B'^^ ^ B'^^ etc oscillations with neutrino oscillations. 
In Appendix B we derive the evolution equation for — system 
r~| I in the Weisskopf-Wigner approximation. 

T— I ■ . 

> ■ 1 Introduction 

oo : 
, 

\Q , Soon after the discovery of the violation of parity P and charge conjugation C 

I in the weak interaction |77j (1957) Landau [2J and Lee and Yang |3] suggested 

^ I that the Hamiltonian of the weak interaction is invariant under the combined 

^ ' CP transformation. One of the consequence of this suggestion was the theory 

O ■ of the two-component neutrino [21 [3l H] according to which the neutrino is 

>■ ! left-handed (right-handed) particle and antineutrino is right-handed (left- 

^ I handed) particle. The helicity of the neutrino was measured in spectacular 

^ I experiment |5| performed in 1958. This experiment confirmed the theory of 

the two-component neutrino. It was established that neutrino is left-handed 
particle. 

The confirmation of the theory of the two-component neutrino strength- 
ened belief in the hypothesis of the CP invariance of the Hamiltonian of the 
weak interaction. All existing data at the end of fifties and beginning of 
sixties data were in agreement with this hypothesis. 

It was a big surprise for the physics community when in the experiment 
performed by Christenson, Cronin, Fitch and Turlay [6] in 1964 the decay 



^On the basis of the lectures given to the students of SISSA (Trieste) in 2006 
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TT+TT was observed. The observation of this decay was a proof that 
CP is violatedl 

The discovery of the CP violation was announced at the Rochester con- 
ference in Dubna. In 1980 Cronin and Fitch were awarded the Nobel Prize 
for this discovery. 

The observed violation of P and C in the (3 decay and other weak decays 
was large. Discovered by Cronin, Fitch and others effect of the violation 
of CP was very small. They found that the ratio of the modulus of the 
amplitudes of the CP-forbidden decay — > 7r+ + tt" and the CP-allowed 
decay — > 7r+ + tt^ was about 2 ■ 10~^. 

The first problem was to understand what interaction is responsible for 
the CP violation in i^^ — > vr + vr decays. Many hypothesis were put forward. 
One of the most viable idea was proposed by Wolfenstein [7]. He noticed 
that it is possible to explain the observed violation of the CP in decays of 
K^-meson if we assume that exist a new \^S\ = 2 interaction, which is char- 
acterized by a very small effective interaction constant Csw — 10^^ Cp {Cp 
is the Fermi constant). This interaction was called the superweak interaction. 

Measurable parameters characterizing violation of CP in — > tt + tt 
decays are and ?7oo- These parameters are, correspondingly, ratios of 
the amplitudes of the decays vr^ + vr" and Kg — > 7r+ + vr^ and 

— > 7r° + vr'' and Kg — > 7r° + 7r°. If the superweak interaction is responsible 
for the violation of the CP in K^ — > vr + vr decays in this case 

r]+_ = r]oo. (1) 

It took many years of enormous experimental efforts [ST, 1^ in order to check 
the relation ([T]). It was proved that the relation ([T]) does not valid. Thus, 
superweak interaction as a possible source of the CP violation in the neutral 
kaon decays was excluded by these experiments. 

At the time when experiments [H |9] were completed the Glashow [TO] . 
Weinberg pT], Salam \TT\ Standard Model (SM) was established by numerous 
experiments. The expected in the SM violation of the relation ([T]) is very 

•^In fact, let us consider decays of short-lived and long-lived kaons {Kg and K^) into 
7r+ + TT^ in the rest frame of the kaon. Because spin of the kaon is equal to zero, final 
pions have equal to zero orbital momentum. Thus, we have P n^) = \tt^ tt^), 
C |7r+ TT~) = \tt~ 7r+) = |7r+ tt~) and CP |7r+ tt~) = Itt"*" tt"). The decay Ks — > tt"*" -I- tt" 
is the main decay mode of the short-lived kaon. If CP is conserved, \Ks) is the state with 
CP-parity equal to 1. The CP parity of the orthogonal state Kj^ must be equal to -1 and 
hence decay K]^ — > 7r+ + vr^ must be forbidden in the case of the CP conservation. 
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small (see [IS])- The data of the experiments [SI E] were in agreement with 
the SM. 

In 1973 Kobayashi and Maskawa [14j considered CP violation in the 
framework of the Standard Model. In the Standard Model violation of the 
CP is determined by phases in the unitary mixing matrix. In 1973 only 
two families of leptons and quarks were known. It was demonstrated in [T3] 
that it is impossible to violate CP in this case. It was shown in [T3| that 
in order to explain observed CP violation we need to assume that (at least) 
six quarks exist. Kobayashi and Maskawa obtained the first parametrization 
of the mixing matrix in the case of three families. They showed that this 
matrix is characterized by three mixing angles and one CP phase. 

During more than 30 years the investigation of the CP violation was 
limited by the system of neutral kaons (see book [15]). During last 8 years 
with the BaBar and Belle experiments at the asymmetric B-factories at the 
SLAC and KEK a new era in the investigation of the CP violation started 
(see book [IS]). In these experiments numerous effects of the CP violation 
in different decays of the neutral and charged P^-mesons were observed. 
This allowed to perform the unitarity triangle test of the SM. All existing at 
present data are in a good agreement with the SM and the assumption that 
only three families of quarks exist in nature. 

In this review we will consider some phenomenological aspects of the 
problem of the CP violation in the quark sector. In the section 2 we consider 
the SM Higgs mechanism of the mixing of quarks. In the section 3 we consider 
in details quark mixing matrix and the CP violation. In the section 4 we 
derive the standard parametrization of the CKM mixing matrix. In section 
5 we discuss the values of the modulus of the elements of the CKM matrix. 
In section 6 we consider Wolfenstein parametrization of the CKM matrix 
elements and the unitarity triangle. In the section 7 we obtain eigenstates 
and eigenvalues of the effective Hamiltonian of K^ — K^, B^ — B^, etc systems. 
In the section 8 we consider in details phenomenology of the CP violation 
in decays of K^. In the section 9 we consider the CP violation in B^ — B^ 
decays. In the section 10 we present results of the unitarity triangle test of 
the Standard Model. In the Appendix A we compare of K^ ^ K^, B^ ^ B° 
etc oscillations with neutrino oscillations. In the Appendix B we derive in 
the Weisskopf-Wigner approximation the evolution equation for K^ — K^, 
B^ — B^ etc system. 

Last years, in connection with appearance of the B-factories, several books 
[ISl SH], many reviews [ISl[2Dl[2Il[221[231[2a[2Sl[I3l[2Sl[2Z] and hundreds 
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papers on the CP violation were published. In these books and reviews many 
details and many references on original papers can be found. 

I tried to discuss here some basic questions and to derive different rela- 
tions. I hope that this review will be useful for those who start to study this 
exciting field of physics. 

2 Quark mixing in the Standard Model 

The Standard Model of the electroweak interaction is based on the following 
principles (see, for example, [28| [29]) 

1. The local gauge SUl{2) x Uy{1) symmetry of the Lagrangian of the 
fields of massless quarks, leptons, gauge vector bosons and scalar Higgs 
bosons. 

2. The spontaneous symmetry breaking. Due to the spontaneous breaking 
of the local SUl{2) x f/y (1) symmetry the masses of W"^ and bosons, 
mass terms of quarks and leptons and mass of the Higgs boson are 
generated. 

3. Unification of the weak and electromagnetic interactions 

We will consider the quark sector of the Standard Model. The theory is 
based on the assurnption that the left-handed quark fields are transformed 
as SULi2) doublets 




and the right-handed fields of quarks (g = u, d, c, s, t, h) are the singlets of 
the group. 

The requirements of the local gauge SUl{2) x f/y(l) invariance fix the 
Lagrangian of the interaction of quarks and vector bosons in the form of the 
sum of the charged current (CC), neutral current (NC) and electromagnetic 

•^The meaning of primes will be clear later. 
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(EM) parts: 

f-NC _ 9 -NC ya 

^EM ^ -ej^'^A", (3) 

where 

_ 1 

Ja^ = 2 ^ -(n + iT2) 7a = 2 [iZ'^ 7« 0?^ + c'^ 7a + 7a ^'l] (4) 

is the quark charged current, 

Ja"" - 2 ^ ira 7a V'a - 2 sin^ ^^^jf ^ (5) 

i=l 



is the quark neutral current and 



■EM 
J a 



q=u,d,c,... 



is the electromagnetic current. Here W"" is the field of bosons, is 
the field of Z° bosons, is the electromagnetic field, g is the electroweak 

constant, 6w is the weak angle, = 2/3,-1/3 arc the quark charges. 

In the total Lagrangian of the Standard Model enter the following SUl{2) x 
?7y(l) invariant Lagrangians of the Yukawa interaction of quarks and Higgs 
fields 

^down^_^^ ^ ^.^Mf^-^q'^4> + ^-C- (7) 

1=1,2,3 q=d,s,b 

and 

^7--^ E ^.L g^, 0. + h.c. (8) 

1=1,2,3 q=u,c,t 



Here M'^°™'^ and TW^p are complex 3x3 matrices, (j) = { ,^ I is the Higgs 

\ <Po J 

doublet, (f) = iT20* and v is the constant (vacuum expectation value of the 
Higgs field). 
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If we choose 

4>{X) = 1^ j , (9) 

where x{^) is the field of neutral Higgs bosons, the symmetry will be spon- 
taneously broken. For the mass terms of up and down quarks we obtain the 
following expressions 

= -Wl M^p U'ji + h.c, = -D^L M'^""" D'j^ + h.c, (10) 

where 

/ ^'L,n \ I d'L,R \ 

UIr = c'^,R , D'^,, = s'^^j, . (11) 

V t'L,R J \ b'L,n J 

The complex matrices M"p and M'^"™" can be diagonalized by the biuni- 
tary transformations 

M"P = V^'^ m^'P V^P^ j\^down ^ y^down ^down y^ownf^ ^-^g) 

Here V^^j^ and Vj^°^'^ are unitary matrices and m"P and are diagonal 

matrices with positive diagonal elements. 
From (Ml and ([12]) we find 



£;;p = -f/ m"P U, = -D m'i""" D. (13) 

Here 

d 

U = Ul + Ur= \ c I , D = DL + Dn= \ s | , (14) 





m"P = I m, I , m'^"""^ = | m, | (15) 

and 




UL,n = Uin, D,,n = V^^^' 



(16) 
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From (fT^ . (HM and (fTB]) we obtain the standard mass terms for up and 
down quarks 

c'(^) = - E '^'^ ^(^) ^(^)' ^^^°""(^) = - E ^« ^(^) ^(^) (17) 

q=u,c,t q=d,s,b 

Thus, q{x) is the field of the g-quarks with the mass rriq (g = u, d, c, s, t, b). 
The left-handed and right-handed fields of quarks with definite masses and 
primed quark fields, which have definite transformation properties, are con- 
nected by the unitary transformations flTB]) . 

Let us consider now the charged current of the quarks. From (jl]) and ([TB|) 
we find 

jf^ = 2U'Ljo,D'L = 2ULjaV Dl = 2 [ul 7a dt^' + CL la s^ + h 7a b^]- 

(18) 

Here 

V = {Vl")^ T^i"""" (19) 

and 

dr = E ^-^^ ^1^' = E ^1^' = E ^^-^i ^1^- (20) 

di=d,s,b di=d,s,b d\=d,s,b 

From (IT^ it follows that is unitary matrix^ 

V^V = l. (21) 

From (1181) and fl2Ul) we conclude that /ie/(is 0/ t/own quarks enter into CC 
of the SM in the form of the "mixed " combinations c?™^, s™^, 6™^. The 
unitary 3x3 mixing matrix V is called Cabibbo |30 j - Kobayashi- Maskawa 
[Ti] (CKM) mixing matrix. We will see later that the violation of the CP 
invariance is determined in the SM by the matrix V. 

Let us consider now the electromagnetic current. From we have 

Ja^' = I {U'l 7a K + U'r 7a U'^) - ^ {D'^ 7a D'^ + D'^ 7a D'^). (22) 

Taking into account the unitarity of the matrices and V^'Jj'", we find 

2 - - 1 - 

jf = 3 {Ul 7a f/i+t/ij 7a Ur)-- {Dl 7a /^L+^R 7a D r) = J2 eg g 7a g, 

(j=ji,d,c,... 

(23) 

^We assume that there are no additional heavy famiUes of quarks. 
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where e^^ct — | and 6^,5,6 = — |- Thus, we come to the standard expression 
for the electromagnetic current which is diagonal in the quark flavors. 
Let us consider the neutral current. We have 

= 2j]v5a^r3 7aV^.L-2sin2^H^jr 

i 

= U'^ 7a U'^ - 5 Wa - 2 sin^ ewj^"" 

= J2 ^ILlaU^L- Yl diLladiL-^Sin^OwJa^. (24) 
ui=u,c,t di=d,s,b 

Thus, the neutral current of the SM is also diagonal in the quark flavors. 
Only the charged current changes flavor of the quarks (s — > u + W~ etc) . 
We will show later that the electromagnetic and NC interactions of the SM 
automatically conserve CP. The CP invariance can be violated only by the 
flavor- changing CC interaction. 



3 Mixing matrix 

We will consider here general properties of the unitary mixing matrix V. Let 
us calculate flrst the number of the angles and phases which characterize the 
unitary mixing matrix V in the general n x n case. 

The unitary matrix V can be presented in the form V = e"^^ , where H is 
the hermitian matrix. Such matrix is characterized by n(diagonal elements) 
+2 (^^-y^) (nondiagonal elements) real parameters. 

The number of the angles which characterize n x n unitary matrix co- 
incides with the number of parameters which characterize n x n orthog- 
onal matrix O {0^0 = 1). Such matrix can be presented in the form 
O = e^, where = —A . The antisymmetric matrix A is characterized 
by (nondiagonal elements) real parameters. Thus, the number of the 

angles which characterize the unitary matrix is equal to 

^(^ ~ ■'-) /or.\ 
^angles — ^ ■ (25 j 

Other parameters of the matrix V are phases. The number of the phases is 
equal to 

_ 2 n(n-l) _ n(n + l) 

^phases — n — . [Zb) 
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The number of physical phases, which characterize mixing matrix, is signifi- 
cantly smaller than ^phases- 

The mixing matrix enter into CC together with the quark fields: 

ui=u,c,t d\=d,s,b 

The free Lagrangian of quark fields is invariant under the transformation 

q{x) ^ e^"^" q{x) , q = u,d,... (28) 

where is an arbitrary constant phase, quark fields are We will take this 
fact into account in the calculation of the number of physical phases in the 
mixing matrix V. 

The unitary matrix can be presented in the form 

V = S\a) V S{(3), (29) 

where S{a) and S{P) are diagonal phase matrices {SuiU2 (o^) = ^uiU2 ; Sdid2 iP) 
^did2 e*^''i) and V is an unitary matrix. There are 2(n — 1) + 1 independent 
phases and PdM- 

The phase factors e*""i and e*^''i can be included into quark fields. Thus, 
the number of measurable, physical phases which characterize unitary mixing 
matrix V is equal to 

„u™ n(n+l) , , [n — \\{n — 2\ , , 

^aL = - (2^ - 1) = ^ \ -■ (30) 

Let us obtain now the constraints on the mixing matrix which follow from 
the requirements of the CP invariance of the CC interaction. For the CC 
Lagrangian we have 

£f^(x) = --^ «iL(a;)7"KidirfiL(x)W^„(x) 

ui=u,c,t di=d,s,b 

E d,Lix)rv:^d,^^iLix)Wlix), (31) 

ui=u,c,t di=d,s,b 

where V is the 3x3 unitary CKM mixing matrix (we suppressed tilde). 



'^We must take into account that only difference of common phases of S{(3) and S{a) 
enters into (|29|) 
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The CP is conserved if Lagrangian satisfies the following condition 

yc7p/:r(x)ycp = /:F^(a;'), (32) 

where Vcp is the operator of the CP conjugation and 
For the left-handed quark field qiix) we have 

Vcp qdx) V^l = e'^^^ 7° C ql{x'). (33) 

Here aq is an arbitrary phase and C is the matrix of the charge conjugation, 
which satisfies the relations 

C7lC-i = -7., C^ = -C. (34) 

Taking into account that phases of quark fields are arbitrary, we can include 
phase factor e*"'' into the field q{x). We obtain in this case 

Vcpqdx) V^^=f C ql{x'). (35) 

From flM|) from fl35l) we also have 

Vcp qM V^l = -ql{x') C'^^^ (36) 

Let us consider now the current uil{x) 7q, diL^x). From (!35|l and (136!) 
we find 

Vcp uil{x) 7^ dnix) Vjp = -u{^{x) C"S° la 7° Jil(x') 

= -^a (^iL(a;') 7a uil{x'). (37) 

Here 5 = (1, —1, —1, —1) is the sign factor. Notice that in the relation (1371) 
we took into account anticommutator properties of the fermion fields. 

Under the CP transformation the field of the vector bosons is trans- 
formed as follows 

Vcp W^{x) V^l = -e'^'^^ 6^ Wl{x'), (38) 

where (3w is an arbitrary phase. Taking into account that phase of the 
nonhermitian Wa{x) field is arbitrary, we can include phase factor e*'^^ into 
the W field. In this case we have 

Vcp W^{x) V^l = -6^ Wl{x'). (39) 
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With the help of ([SI]), dSZD and ([31) we find 

ni,di 

- -4E^i^(^')7"K;., rfiL(x') W^.(x'). (40) 

ui,dl 

Prom (I3T1) . ( I32l) and ( HOl) we conclude that in the case of the CP invariance 
the CKM mixing matrix V is real: 

K... =K%. (41) 

We will comment now this condition. The first term of the CC Lagrangian 
( !3T|) is responsible for the fiavor-changing transition 

di^ui + W~, di = d,s,b, ui = u,c,t. (42) 

Amplitude of this transition is equal to Vu^di- The second term of the La- 
grangian fl3Tl) is responsible for the CP-conjugated transition 

di ^ ui + W^, di = d, s, b, ui = u, c, i. (43) 

Because the Lagrangian is hermitian the amplitude of the transition (1^3!) is 
equal to V*_^^^. If the CP invariance holds the amplitude of transition (142!) 
is equal to the amplitudes of CP-conjugated transition (l43l) . 

As we have shown the number of the physical phases in the CKM mixing 
matrix is given by (1301) . For n = 2 the mixing matrix is real. Thus, for 
two families of quarks the unitarity of the mixing matrix assures invariance 
of the Lagrangian of interaction of the quarks and ly-bosons under CP 
tr ansf ormat ion 

For n = 3 number of measurable phases in the mixing matrix is equal to 
oneJzl It follows from ( l4Ti) that in the case of the CP invariance this phase 
must be equal to zero. 

^In order to explain in the framework of the SM observed violation of the CP invariance 
we need to assume that (at least) three families of quarks exist in nature. This was original 
argument of Kobayashi and Maskawa [Hj in favor of the existence of the third family of 
quarks. When this argument was presented only two families of quarks were known. 

^The minimal number of families at which the CC Lagrangian of the SM can violate 
CP is equal to three. This minimal number is equal to the number of SM families of quarks 
and leptons which exist in nature. In fact, it was established by the experiments on the 
measurement of the width of the decay Z v + 9 that the number of flavor neutrinos 
is equal to three, (see |32|). This means that the number of the lepton families is equal 
to three. For the SM to be renormalizable the number of the quark families must be also 
equal to three. 
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We have considered the CC part of the SM interaction Lagrangian. Let 
us discuss now the neutral current and electromagnetic interactions. From 
flM|) . fl35l) and fl36l) for the left-handed current we have 

Vcp qiix) 7a qiix) V^p = Sa Qhix') 7a qiix'). (44) 

Analogously, for right-handed current we obtain 

VcpqR{x) 7a qaix) V^p = Sa qaix) 7^ (45) 

Taking into account that 

Vcp Z'^ix) = Z"{x'), Vcp A"{x) V^l = A^{x') (46) 

from ([3]), ([23]) and dMD we find 

Vcp C^^{x) V^l = Cf^{x'), Vcp Cf''\x) V^h = Cf'\x'). (47) 

Thus, the SM Lagrangians of the NC and electromagnetic interactions are 
automatically invariant under CP transformation. This is connected with 
the fact that the electromagnetic and neutral current interactions of the SM 
are diagonal in the quark flavors. 

We have chosen CP phase factors of quark and W fields equal to one 
and determined CP transformations by the relations (135!) and (!39l) . In this 
case CKM matrix is characterized by three angles and one phase responsible 
for the violation of the CP invariance. It is of interest to characterize CP 
violation in a rephrasing- invariant way [31j . 

Let us consider quantities 

Qt\t = K.d. K.d. K;^. KT.d, (48) 

invariant under phase transformation 

K,d,-e-^"". K,d, e'^''., (49) 
where «„. and (3df, are arbitrary phases. It is evident that 

If we determine the CP conjugation by the relations (l33l) and fl38|) with 
arbitrary CP phases of the quark and W fields from the CP invariance of 
the CC Lagrangian we find 

e'*""i d, e-2-<*ie-2^^^ = (51) 
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It follows from fl48p and flSip that in the case of the CP invariance the 
quantities Qf^^^^ 

Q'ufu2 ~ KiicZi Ki2rf2 ^1^2 Ki2C(l = {Q'uiU2) ■ (^2) 

Let us introduce the quantities 

Jitl = l^Qtt (53) 
In the case of the CP invariance we have 

Jiltl = 0. (54) 

In the general case of the CP violation from fl50l) we obtain the following 
relations 

Tdid2 _ _ id2d\ Tdid2 _ _ id\d2 ('^^l 

u\U2 nin2' u\U2 U2U\' \ ) 

Thus, Jt\tl ^ only if di ^ rfs and Mi ^ Ms- 

Further, from the unitarity of the mixing matrix we find 

X^^^uila ~ ^UxU2 Kj2d2 Kjid2' X^*^"l"2 ~ ^dxd2 Vu2d2 ^U2dl- (56) 

d\ u\ 

From these relations we have 

E<t = 0' E<^£ = o- (57) 

Let us consider first the simplest case of two families. We have in this case 

Jt = 0. (58) 

This result corresponds to the absence of the physical phases in the mixing 
matrix for n=2. 

We will consider now the case of three families. From the first relation 
(57) we have 

jsd _|_ jbd _ n jds _|_ jbs _ n jdb , jsb _ n ( KQ\ 

It follows from (159!) and (155|1 that the following cycling relations hold 

jds Jsb jbd /pQ\ 

'^UiU2 '^U1U2 '^U1U2- V""/ 
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From the second relation fl57l) we obtain following equations 



Jt"' + Jf' = 0, Jtf' + Jtc'' = 0, JT' + Jit = 0. (61) 
From these relations and (133]) we find 

Jt'' = JT' = Jt"'. (62) 
From (l60l) and ( l62l) we obtain the following relations 

-ids -ids -ids -isb -ihd t ^'fiQ^ 

Other nonzero J^ltl differ from J by sign (J^^ = — J etc). Thus, in the case 
of three families exist only one independent rephrasing invariant quantity. 
This result is determined by the fact that for n=3 there is only one physical 
phase in the mixing matrix. The quantity J is called Jarskog invariant. 



4 Standard parametrization of the CKM mix- 
ing matrix 

Several parameterizations of the unitary CKM mixing matrix V were pro- 
posed in literature. We will obtain here the so called standard parametriza- 
tion [32] which is based on the three Euler rotations. 

Let us consider three orthogonal and normalized vectors 

\d), \s) and |b). (64) 

In order to obtain three general "mixed" vectors we will perform the three 
Euler rotations. The first rotation will be performed at the angle 9i2 around 
the vector \b). New orthogonal and normalized vectors are 

\d)' = Ci2 \d) + Si2 \s) 
Is)' = -Si2 \d) + Ci2 |s) 

\by= (65) 

where Ci2 = cos0i2 and Si2 = sin ^12. In the matrix form fl65l) can be written 
as follows 

\Dy = V \D). (66) 
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Here 



\D)' 




\D) 




(67) 



and 



v 



Cl2 Sl2 
-Sl2 Ci2 

1 



(68) 



Let us perform now the second rotation at the angle ^^13 around the vector 
\s)' . At this step we will introduce the CP phase 5, connected with the 
rotation of the vector of the third family \h). We will obtain the following 
three orthogonal vectors: 



\d)" = 

\s)" = 
\h)" = 

In the matrix form we have 



Here 



V" 



ci3 M)' + si3e-*^ \h)' 



Sue'' M)' + Ci3 \by. 



\D)" = V" \Dy. 



Cl3 8136' 

1 



(69) 



(70) 



V -sne^' 



(71) 



Cl3 



Finally, let us perform rotation around the vector \d)" at the angle ^23- New 
orthogonal vectors are 



\d) 



We have 



\d)" 

C23I sY' + s,, \b)" 

-S23 k)" + C23 \b)" 

\D"') = V" \D"). 



(72) 
(73) 
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Here 



1 

V" = I C23 S23 I . (74) 

-S23 C23 

From ([Ml), dZOD and([73D we find 

\D"') = V \D), (75) 

where 

V = V'" V" v. (76) 

It is obvious that V is the unitary matrix. 

Thus, the general 3x3 unitary mixing matrix has the form 

; Si3e-^^ \ / Ci2 Si2 

^ = I C23 S23 I I 1 -Si2 Ci2 I . (77) 

C23 / V -Size'^ Ci3 / V 1 

From (177]) we find 

C13C12 C13S12 Si3e 

V = I — C23S12 — S23Ci2Si3e*'^ C23C12 — 523^125136*'^ C13S23 | . (7 
523S12 - £230125136*"^ -S23C12 - C23Si2Si3e*'^ C13C23 

In the standard parametrization the 3x3 mixing matrix is characterized by 
three Euler angles 6'i2, 6*23 and 6*13 and one phase 6. We have seen before that 
in the case of the CP conservation V* = V. Thus, in this case 6 = 0. 

Let us calculate in the standard parametrization of the CKM mixing 
matrix the invariant J given by (163|1 . From (178|) we have 

J = C12C23C13S12S23S13 sin 5. (79) 

As we have seen in the previous section in the case of the CP conservation 
the Jarlskog invariant J is equal to zero. It follows from experimental data 
that all mixing angles are different from zero, (see below). The rephrase 
invariant condition of the CP conservation has the form: sin 5 = 0. 
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5 Modulus of the elements of CKM matrix 



The values of the modulus of the CKM matrix elements were determined 
from the data of different experiments (see |33j). 

The highest accuracy was reached in the measurement of the element 
\Vud\- There are three sources of information about this element: i) The 
superallowed 0"*" — > 0"*" /3-decay of nuclei, ii) The neutron decay, iii) The 
/3-decay of pion tt"*" Tr^e+t'e- 

Only vector current gives contribution to the matrix element of the 0+ 
O"*" /3-transition. From the isotopic invariance and the CVC follows that 
matrix element of 0^ 0^ transition between components of isotopic triplet 
is given by 

\{p\V^\p)\ = N \Vud\V2 + (80) 

where p and p' are momenta of initial and final nuclei and is the normal- 
ization factor. The nuclear Coulomb effects and radiative corrections, which 
violate this relation, must be taken into account. From the most precise 
measurements of the ft values of nine nuclei the following average value was 
obtained [Ml [35] 

\Vud\ = 0.97377 ± 0.00027 (81) 

It is necessary to notice, however, that the Q-value of ^^V was recently re- 
measured [3'^. The new value leads to an increase of the /-factor which gives 
2.7 a decrease of the value of \Vud\ with respect to the average value flSTl) . 

The element \Vud\ can be determined also from data of the experiments 
on the measurements of the lifetime of the neutron and from the ratio of 
axial and vector constants qa- The constant qa can be obtained from the 
data of the experiments on the measurement of the asymmetry of electrons 
in decay of polarized neutrons. From the world averages values of Tn and qa 

m 

i-„ = 885.7 ± 0.8 sec, gA = -1.2695 ± 0.0029 (82) 
for the element \Vud\ it was found the value [37] 

iKdl = 0.9746 ± 0.0004 ± 0.0018 ± 0.0002. (83) 

Here the first (second) error is due to the error of r„ (qa) and the third error 
is due to the uncertainty in the calculations of radiative corrections. As it is 
seen from (l83l) the dominant uncertainty is due to the error of the constant 

9A- 
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Finally, the value of the element \Vud\ was obtained from the measurement 
of the branching ratio of the decay 7r+ vr^e^z/g. Only vector CC current 
gives contribution to the hadronic matrix element of this process. From the 
CVC and isotopic invariance it follows that matrix element of the hadronic 
vector current is given by the relation fl80|) . The problem of the calculation 
of the radiative corrections is much more simpler in the pion case than in the 
nuclear case. However, the branching ratio of the pion /5-decay is very small 
(5(7?^ — > TT^e^Ue) — 10~^). As a result, the accuracy of the determination 
of the element \Vud\ from the measurement of this branching ratio is much 
worse than from the measurement of the ft values of the nuclear 0^ — > O"*" 
/3-decays. In [36j it was found the value 

iKdl = 0.9728 ±0.0030. (84) 

The value of the element \Vus\ was obtained from the measurement of 
the widths of the decays — >• n^r^ui {I = e, /i) and n^e^u^. Only CC 

vector current gives contribution to the hadronic part of the matrix elements 
of these decays. The matrix element is characterized by the two form factors 
and has the form 

{p'K\p) = N Vud {f+{Q') {p + pX + f-{Q') (p-pX)- (85) 

Here p and p' are momenta of kaon and pion, = —{p'~pY and is 
the standard normalization factor. Taking into account the results of the 
measurements of the form factors f±{Q^) and recent measurements of the 
branching ratios of the decays Ki — > neu and — »• tt/ii/ [3Sl ESI SD] for the 
element \Vus\ the following value was found [37j 

iKsl = 0.2257 ±0.0021 (86) 

This result was obtained with the chiral perturbation value [H] /+(0) = 
0.961 ± 0.008 was used. 

The value of the parameter \Vus\ can be also obtained from the measure- 
ment of the widths of the decays f^^^fi and 7r+ — ^ fJ.'^i'ij.- Using for the 
ratio of the decay constants the value 

^ = l.ldSto'^Qll ± 0.003, (87) 

Jtt 

which was obtained in the lattice calculations [12], for the matrix element 
\Vus\ it was found [37] 

iKsl = 0.2245+°:°°^?. (88) 
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The value of the element \Vus\ can be also inferred from the analysis of 
data on the investigation of the hyperon decays. From these data it was 
found [13] 

iKsl = 0.2250 ±0.0027 (89) 

Finally, an information about the value of the parameter \ Vus\ can be obtained 
from the data of the experiments on the investigation of the decays — >■ 
Ut- + hadrons(S = ±1). From these data the following value of the matrix 
element \Vus\ was found [44J 

iKsl = 0.2208 ±0.0034 (90) 

Thus, the values of the element \Vus\, determined from the different experi- 
mental data and with different theoretical inputs, are compatible. 
From the unitarity of the CKM matrix V we have 

\Vud\' + Ks\' + \Vub\' = l (91) 

The last term gives negligible contribution to this relation (see later). From 
and fISBl) it was found 



iKdP ± iKsP ± iKbP = 0.9992 ± 0.0005 ± 0.0009, (92) 

where the first error is due to the error of \Vud\ and the second one is due to 
the error of \ Vus\- Thus, the values (183|) and (!86l) of the parameters \ Vud\ and 
\Vus\ saturate the unitarity relation (19T1) . 

The element \Vcd\ can be determined from the data on the production 
of the muon pairs in the processes of interaction of and with nucleonsjf] 
From these data was found 



iKdl = 0.230 ±0.011. (93) 

The element \Vcd\ can be also obtained from the data on the study of the 
decays D — »• ttIi^i if the corresponding form factors are known. Using lattice 
calculations of the form factors [15] it was found [46j 

iKdl = 0.213 ±0.008 ±0.021, (94) 

where the dominant error is the theoretical one. 



^One muon is produced in a process of interaction of neutrino (antincutrino) with 
nucleon and another in decay of produced charmed particle. 
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The value of the element \Vcs\ was determined from the data on the 
investigation of the decays D Klui. Using the lattice calculations of the 
form factors [55] it was found the value |16] 

\Vcs\ = 0.957 ± 0.017 ± 0.093, (95) 

where the second (theoretical) error is the largest one. 

An model independent information about the element \Vcs\ can be ob- 
tained from the data on the study of the decay ^ c + s. From the LEP 
data it was found the value [17] 

=0.94l°;i±0.13. (96) 

The value of the element |V"cfe| was determined from the data on the 
investigation of the semileptonic inclusive decays B —>■ XcWi and exclusive 
B D{D*)Wi decays. Analysis of the inclusive data is based on the operator 
product expansion theory [l8| l^. From the LEP and i?-factories data it was 
found the following average value [50] 

iKbl = (41.7 ±0.7) • lO-l (97) 

Analysis of the exclusive data is based on the heavy quark effective theory 
[5TI [52] . The average value 

iKftl = (40.9 ± 1.8) ■ 10~^ (98) 

which was found from analysis of the exclusive data [50] is compatible with 

The value of the element \Vub\ can be obtained from the study of 
semileptonic inclusive decay 

B ^ XJui (99) 

and exclusive decay 

B Tilvi (100) 

The suppression of the background from the CKM enhanced inclusive de- 
cay B — > Xclvi is the main problem in the investigation of the decay fl99|) . 
The following average value of \Vub\ was obtained from different inclusive 
measurements [HU] 

iKbl = (4.40 ± 0.20 ± 0.27) ■ 10"^ (inclusive). (101) 
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In the exclusive decay fllOOp both final charged particles are detected. This 
leads to the better suppression of the background than in the inclusive case. 
However, the branching ratio of the exclusive decay (which is known at 
present with the accuracy ~ 8%) is much smaller than the branching ra- 
tio of the inclusive decay. The hadronic matrix element of the process (llOOp 
is given by 



\ q^ 

(102) 

where q = p — p' and f+i^q"^), fo{q^) are the form factors. 

The calculation of the form factors f+{q^) and foiq"^) is the main problem 
in the determination of \Vub\ from the exclusive data. Using lattice calcula- 
tions [581 EH the following value was found [50] 

iKfel = (3.84+°:^^) • 10~^ (exclusive). (103) 

This value is compatible with fllOip . From (1101 D and (I103P the following 
weighted average of the matrix element \Vub\ was obtained [50] 



iKfel = (4.31 ± 0.39) ■ 10~^(exclusive). (104) 

The element \Vtd\ can be determined from the measurement of the mass 
difference of mesons. The major contribution to the box diagram which 
determine mass differences Aniq (g = d, s) gives the virtual t-quark. We have 
(see, for example, [13] ) 

Am, = mB.ml, {flBs,) r^sSoixt) (105) 

Here fsq is the decay constant and Bb^ is so called B-factor. The factor rjB 
is due to short distance QCD corrections (jib = 0.55 ± 0.01) and SQ{xt) is 
known function of Xt = 

For the mass difference Am^^ the following value was obtained 



Amd = (0.507 ± 0.004) ps'^ (106) 
Assuming \Vth\ = 1 and taking into account the lattice result [55] Wl\ 



Ib^^Bb, = (244 ± 11 ± 24)MeV (107) 
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for the element \Vtd\ it was found the value 

\Vtd\ = (7 A ±0.8) lO-\ (108) 

Recently the mass difference of mesons was measured. Using the CDF 
value [59j 

Am, = (17.3ll[5:| ± 0.07) ps"^ (109) 

and the lattice result 



fn \ Br 

JB.V 1.21 ± 0.04+°:°t (110) 



it was obtained [59] 



^''^l - 0.208t'oZ tllll 



Wt 



ts\ 



The value of the element \Vts\ can be found from the unitarity relation 
VchV*, + VtiM*^ + VuhV*, = 0. It was obtained [33] 

\Vts\ = (40.6 ±2.7) 10"^ (112) 

Finally, an information about the element \Vtb\ can be inferred from the 
measurement of the ratio — ^^^^J^^-*,., , = iKftP. From the Fermilab data 
[60l [61] it was found the following 95 % CL lower bound [33] 

\Vtb\ > 0.78. (113) 



6 Wolfenstein parameters. Unitarity triangle 

From the values of the modulus of elements of the CKM matrix, which we 
discussed in the previous section, it follows that quark mixing angles are 
small and exist a hierarchy of mixing between different families. In fact, in 
the standard parametrization of the CKM matrix we have 

Vud = C13C12, Vus = C13S12, Vcb = C13S23, Kb = srse^'^. (114) 
From these relations we find 

|Kis| \Vcb\ i-j^ I /I 1 

V\Vudr + \Vusr ^/\Vudr + \Vusr 
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From dSH), dSSD, dnH), ffTUT]) and ffTTSD for the parameters s^fc we find 

si2~2-10"\ S23~4■10~^ si3~4-10"l (116) 
Let us introduce the parameter 

A = si2. (117) 

We have 

S23 ^ A^ Si3 ~ - X\ (118) 

Thus, exist a hierarchy of angles of the mixing between different quark fam- 
ihes. The strength of the couphng between the families is determined by the 
degree of the parameter A. 

Wolfenstein |62] proposed a parametrization of the mixing matrix which 
take into account this hierarchy. Instead of Si2, S23 and Si3e~*'^ he introduced 
four real parameters A, A, p and 77 by the following relations 

S12 = A, S23 = AX^, sne-'' = A\\p - it]). (119) 

Let us develop elements of the CKM matrix over the small parameter A. 
Keeping terms of the order of A^ for the CKM mixing matrix V we have 

/ i_iA2_lA4 A A\\p-tT^) 

V= \ -\ + \A^X'>{l~2{p + iri)) I - \\^ - + AA^) A\^ |l20) 

V AX\l - (1 - iA2)(p + ir^)) -A\^ + \AX\l - 2{p + n^)) 1 - {A^X" 

We will obtain now the so called unitarity triangle relation. This relation 
follows from the condition of the unitarity of the mixing matrix 

V^V = l. (121) 

For the three families of the quarks from (11211) we have 

E KUK,d. = 5d.d.. (122) 
From (11221) we obtain the following relations 

E iKidr = i, 1^-1^1' = !' \^nA^ = ^- (123) 

Ul=U^C^t Ul=U,C^t Ul=U,C,t 
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and 

K,.c. = 0' E ^n.sV;, = o, Yl yu.'iKt = o- (124) 

u-i=u,c,t u-i=u,c,t Ul=U,C,t 

Let us consider the relations fll24p . In the first relation the first and the 
second terms are of the order A and the third one is of the order A^. Thus, 
in this relation the main contribution give terms which connect only two 
families (the first and the second). In the second relation (11241) the first term 
is of the order A^ and the second and the third terms are of the order A^. In 
this relation the main contribution also give terms which connect only two 
families (the second and third). The only relation in which all terms are of 
the same (A^) order is the third relation (11241) . It has the form 

Vu,v:, + v,,v:, + Vuv:, = o. (125) 

Let us now expand different terms of (11251) over the powers of the small 
parameter A. We have [63] 

VudV:, = Ci3Ci2Si3e^' = A\\p + in) + 0{\') (126) 

where 

P={l-\X')P. v = {l-\\')r^. (127) 

For the second term of the relation (I125P we find 

VcdV:, = (-S12C23 - ci2S23Si3e*'^) C13S23 = -^A^ + O(A^). (128) 

Finally, for the third term of (11251) we obtain 

VtdV:, = {S2^s^2 - C23Ci2Si3e*') C13C23 =^ (1 - {p + if])) + O(A^). (129) 

We see from the relations (I126p . (11280 and (I129P that up to small terms of 
the order of A'' all terms in (11250 are proportional to . 
Let us rewrite the relation (I125p in the form 

^udVub _|_ ^tdVtb _ 2 (130) 



We hav^ 



r%^ = p + zr/= VFT^e^^ (131) 



^It is obvious that the ratios of the products of the CKM matrix elements in p30p are 
invariant under phase transformation (j49p . 
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and 

. ^;^L = 1 - (P + = V(l-pT + f e-^^. (132) 
Thus, the unitarity relation (11301) takes the form 

(p + ,^) + (l_(p + ,^)) = l. (133) 

This relation can be presented as a triangle in the complex (p, f/) plane (see 
Fig.l). It is called the unitarity triangle. 
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Figure 1: The unitarity triangle. The angles a = (f)2, /? = 0i, 7 = 03 are 
shown 

From (11321) and (I133p for the angles 7 and P we have 

7 = arg(-^), /? = arg(-^). (134) 

^"^Other notations for the angles of the unitarity triangle, which are often used in liter- 
ature, are: 0i = /3; 4>2 = oi\ 4>3 = 7- 
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From 0781) and fll3ip it follows that the angle 7 coincides with the CKM 
angle 5. For the angle a we find 



a = 7r-/?-7 = arg(--^). (135) 



The square of the unitarity triangle is equal to 

S = -l-f] 
2 ' 



From (11311) we find 

V ,T/,T/*.T/*. 

p + irj. (136) 



From this relation we have 

J 



(137) 



where J is the Jarskog invariant (l63l) . Thus, the square of the unitarity 
triangle is given by 

' - \ WX- ''''' 

For the square of the unitarity triangle, given by the relation (11301) . we have 

m 

S=\j (139) 

The relations (11241) are conditions of orthogonality of the columns of the 
matrix V . Additional three relations can be obtained from the conditions of 
orthogonality of the lines of the matrix V . We can see easily that the only 
relation in which all terms are of the same order is the condition of the 
orthogonality of the first and the third lines: 

E ^-'^1^4=0 (140) 

di=d,s,b 

This relation after expansion of different terms over the powers of the pa- 
rameter A also takes the form of the relation 
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7 Eigenstates and eigenvalues of the effective 
Hamiltonian of the M° — M° system 

We will obtain here eigenstates and eigenvalues of the effective 2x2 nonher- 
mitian Hamiltonian Ti. of the M° — M° system (M° = K^, B'^^, ...) which we 
derived in the Appendix B. We have 

n aH,L = fJ'H,L aH,L- (141) 

Here 



I^H,L = mH,L - 2 ^H,L, (142) 



and 



a//,L(2) 

If the wave function at the initial time i = is equal to aH,L-i at i > we 
have 

ai/,L(t)=e-^'"«.^*-^r«'-*a5,L. (144) 

Thus, rriH L and are masses and total decay widths of ^-bosons, 
particles which arc described by the functions au.L- Wc will use the index 
H for the heavier particle and the index L for the lighter particle. Thus, we 
have niH > ttil- For the vectors of the states of M^ j^ we have 

E «^,i(«)l«)' (145) 

a=l,2 

where |1) = |M°) and |2) = |M°) are states of M° and M° particles (in the 

rest frame system). 

Assuming the CPT invariance of the Hamiltonian, we can present the 
effective Hamiltonian of the M° — system in the form 

n^nu + (146) 

where 
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From (11461) and (11471) we have 

Te'^ aH,L = >^H,L aH,L. (148) 

Here 

kh,l = fJ'H,L - T-Cu (149) 
For the eigenvalues k,s,l of the Hamiltonian Ti.'^'^ we obviously have 



f^H,L = TV^u ^21 (150) 

Further from ( 11481) and ( 11501) we find that aH,L{'^) and aH,L{X) are connected 
by the relation 

aH,Lm = T^j^^aHA^\ (151) 

where aH,L{^) is an arbitrary constant. 

The equation (I14ip have the following solutions 



aH,L = y ^^w^ j ("hA^) (152) 
with 

^^iH,L = Hu T V^12 ^21- (153) 

Three physical complex parameters fiH,L (masses and total decay width of 
Mj^jJ and parameter \Jj^-, which characterize mixing of M° and M°, cor- 
respond to three complex matrix elements of the matrix Ti ( Tin, 7ii2 and 

H21). 

Let us choose 



We have 



V /LI2 + /L21 



<^H,L = ( ) ' (155) 



where 
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^12! + 1^21 1 
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(156) 



With this choice we have 

+ |g|2 = 1 and (a^jLan.L) = 1- (157) 

The states of M% ^ are given by the following relations 

|M{^) =p |M°) -g |M°), |M{|) =p |M°) +g |M°). (158) 

If CP is conserved in this case 7-^21 = ^^^12 and q = p. For the eigenstates of 
the Hamiltonian we have 

\Ml) = i=(|M°) T |M°)). (159) 

Let us make the following remark. We have chosen phases of the states |M°) 
and |M°) in such a way that (see Appendix B) 

CP |M°) = |M°) (160) 

The states |M°) and |M°) are eigenstates of the Hamiltonians of the strong 
and electromagnetic interactions. These interactions conserve quark flavors. 
This means that it is impossible to distinguish states |M°) and |M°) from 
the states 

|M°)' = e^°|M°), |M°)' = e-^°|M°), (161) 

where a is an arbitrary phase. 

If for the states of M° and M° we will use |M°)' and |M°)' in this case 
we have 

p' = e->, q' = e'"q. (162) 

The states of M^^ are invariant under the change of the basis. In fact, we 
have 

\MfjJ=p' iM^Tq' |M°)' = p |M°)Tg |M°) = |M°^). (163) 



8 CP violation in the decays of irJ*-meson 

The observation of the decay tt+tt^ marked the discovery of the CP 

violation [B]. During more than 30 years the study of decays of neutral 
kaons was the only source of the information about the CP violation. In this 
section we will consider in some details effects of the CP violation in decays 
of i^^-mesons (see |M]). 

The branching ratios of main decay modes of Kg ^-mesons are presented 
in the Table I [22] 
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Table I 

Branching ratios for main decay channels of K'g ^-mesons. 



-f^^-decay channels Branching ratio i^^-decay channels Branching ratio 



Kl TT+TT- 68.95 ± 0.14% Kl n+e-Pe 38.8 ± 0.27% 







K^s ^ ttOttO 31.05 ± 0.14% Kl vr+/i"z/^ 27.19 ± 0.25% 
i^o tt+tt-ttO (3.2 ± 1.2)10"^ A'O ^ 37?° 21.05 ± 0.23% 
Kl 7r+7r-7r° 12.59 ± 0.19% 



As it is seen from the Table I i^^^-meson decays mainly into two pions and 
i^^-meson decays mainly into three particles: three pions and pion, lepton, 
neutrino. Because the phase-space factor in the case of the decay into two 
particles is much larger than in the case of the decay into three particles, the 
time of life of K^ is much larger than the time of life of Ks 



1 1 
tl = — = (5.18 ± 0.04) ■ 10~^ sec, rg = — = (0.8953 ± 0.006) ■ 10"^° sec. 

(164) 

For the ratio of the widths of K^ and K^ we have 

p - 580. (165) 

For the masses of K^ and K^ it was found the value [32] 

ms,L = (497.648 ± 0.022) MeV (166) 

For the difference of the masses of K^ and Kg mesons the following value 
was found [32] 

Am = mL-ms = (0.5992 ± 0.0010) ■ lO^^/i s"^ = (3.483 ± 0.006) ■ 10"^^ MeV 

(167) 

Let us notice the following approximate empirical relation 

^ Fs ~ Am. (168) 

We will consider the CP forbidden decays 

Kl^TT+ + n- and ^ + 7r°. (169) 
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For the states of -ft'L^5-mesons we have 

\Kl)=p\K')-q\K'), \Kl)=p\K') + q\K'), (170) 

where the parameters p and q are given by (11541) and (11561) . respectively. 

The \K^ g) states can be presented in another form. Let us introduce the 
complex parameter ^ 

= (171) 
From (11701) and (11711) for the normalized g) states we find 

\Kls) = , [(1 + ^11^°) T (1 - e)\K% (172) 

'2, (1 + |e|^) 



If CP is conserved, in this case e = and for the states of the long-lived and 
the short-lived kaons we have 

\Kl,) = ^{\K')Tm). (173) 

The states l-ft'^ i) eigenstates of the operator of the CP conjugation: 

CP \Kl,) = T\Kl). (174) 

The states \Kl s) 

can be presented in the form 

v(i + |er) v(i + |er) 

(175) 

Let us introduce the measurable parameters 

_ {n^n-\T\Kl) _ {ny\T\K]} 

(vr+vr-iriiro)' {nn\T\Kl) ' ^^^^^ 

which characterize the CP violation in the decays ffml^ In ([176]) T -matrix 
is connected with the S'-matrix by the relation 5 = 1-1- iT. 



The parameter e characterizes CP violation in the g states. Let us stress, however, 
that e depends on arbitrary phases of the \K^) and \K'^) states. 

In fact, the states |7r+7r~) and |7r°7r°) are eigenstates of the operator of the CP 
conjugation with eigenvalues equal to 1. If CP is conserved, the state of the long-lived 
kaon is \K2), which is eigenstate of CP with eigenvalue equal to -1. Thus, in the case of 
the CP conservation 77^ — 7700 = 0. 
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The complex parameters ri^_ and r^oo can be presented in the form 



V+- = \v+-\ e*^+-, Voo = \Voo\ e*^°°. (177) 
From analysis of the experimental data it was found [32] 

|r/+_| = (2.288 ± 0.014) ■ 10-^ |r/+_ I = (2.276 ±0.014) ■ 10"^ 
0+_ = (43.52 ± 0.06)°, 0+_ = (43.50 ±0.06)°. (178) 

The spin of the kaon is equal to zero. Thus, in the decays two pions are 

produced in the S'-state. Total isotopic spin / of two pions takes the values 
0,1,2. However, from the Bose-Einstein statistics it follows that state with 
/ = 1 is forbidden. Hence, the states of two pions, produced in the decays of 
Kl,s are superpositions of states with the total isotopic spin equal to and 
2. We have 

k+TT-) = y||o) + y||2) 

kV) = y||0)-y||2), (179) 

where |/) is the state of the two pions with the angular momentum equal to 
zero and the total isotopic spin equal to /. 

The presentation of the states of two pions as a superposition of states 
with definite total isotopic spin will allow us to take into account the approx- 
imate |AJ| = i rule, which is valid for the nonleptonic decays of the strange 
particles. For example, according to this rule the ratio of the total widths of 
the decays Ks tt+tt^ and Ks tt^tt^ must be equal to 2. We see from 
the Table I that this prediction is satisfied with the accuracy of about 10%. 

Let us consider now the parameters rj^^ and ?7oo- From (11761) and (11791) 
we have 

(0|r|/f°> + j, (2|r|A-g) 

{o|r|Ai> + ^ {2|r|A'»>- ^ ' 

The amplitude {0\T\Kg) is CP-allowed and is allowed by the |A/| = |) rule. 
If we divide numerator and denominator of f ll80p by this "large" amplitude 
in the linear over small parameters approximation we find 

r/+_~e±e', (181) 
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where 



' - WW) ^ ^ 

V(0|T|ir°) (oiTlir^);'- ^ ^ 

Analogously, for r/oo we obtain 

r/oo - e - 2 e', (184) 

Thus, we can characterize the CP violation in the decays fll69p by the pa- 
rameters e and e'. From ffT83D . we can expect that |e'| ^ |e|. As we will 
see later, experimental data confirm this expectation. 

All existing data on the investigation of effects of the CP violation in 
decays of K\ are described by the Standard Model with three families of 
quarks. It is interesting, however, to mention other alternatives. Histori- 
cally it was important the hypothesis of a superweak interaction [7]. It was 
suggested in ^ that effects of the CP violation in the decays (I169p can be 
explained by existence of a new interaction which violates CP and changes 
the strangeness by two units. 

In order to explain the idea of the superweak model, let us consider the 
relation (11711) . Taking into account (11541) and (11561) we find 



7ii2 — 7^21 



185) 



(v^+v^)' 
Obviously we have 

( + V^)' = e'( + V^)' + 4v/^i2H2i. (186) 

From ffT53D and (11861) we find 



(V^+V^)^ = -^^^^^ (187) 



Thus, we have 



7Yi2 — 7^21 



1 - e2 2(Al - A 



s) 



(188) 



""^•^Let us notice that parameters e and e' do not depend on arbitrary phases of jif") and 
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Taking into account that |e| ~ 2 ■ 10 ^ and ^ <^ 1, from (11881) we find the 
following relation 

6^- (189) 

where Am = uil — mg. 

It is shown in the Appendix B that in the effective Hamiltonian Ti enters 
linear in interaction term (see flB-32p ). Taking into account that the usual 



weak interaction Hamiltonian changes the strangeness by one unit, we have 
Hw \K') = {K'\ Hsw \K') ^ Hsw (190) 

where Hsw is a Hamiltonian which violates CP and changes the strangeness 
by two units. It is evident from (I189P that if such interaction exists the 
parameter e is different from zero. 

In order to estimate the effective constant GsW) which characterize the 
interaction Hswi we will use the relation (11891) . Taking into account that 
Am ~ I we have 

lo-^ (191) 



1-5 1 



where Gp — '^m^'^^ Fermi constant and ttik is the mass of the kaon. 
Thus, effects of the CP violation in the decays of Kp can be explained if 
the constant of \^S\ = 2 interaction which violate CP is given by Gsw ~ 
10~^ Cp, i-e. is much smaller than the Fermi constant. This is the reason 
why this interaction is called superweak. 

Let us consider the parameters ?7+_ and r^oo in the case of the superweak 
interaction. From (11751) and (I176p we have 



''"^^ {TT+n'\T\Ki) + e{n+TT-\T\K2)' ^^^^^ 
In the superweak model {n^7r^\T\K2) — 0. We have 

= e. (193) 
Analogously, for the decay Kl 7r°7r° we find 

r^oo = e. (194) 
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Thus, if the superweak interaction is the origin of the effects of the CP 
violation, observed in the decays — vrvr, we would have 



Voo- 



(195) 



From (11811) . (11841) and (I195P we conclude that in case of the superweak in- 
teraction e' = 0. 

Taking into account linear in - terms, from (I18ip and (11841) we have in 
the general case 



m-\ - 1 

From this relations we find 



1 + 2 Re-) 
e 



1^700 1 



4 Re -). 
e 



Re 



1^00 1 

\v+- 



(196) 



(197) 



The ratio j^j^^ was measured in spectacular NA48 [8] and KTeV [9] experi- 
ments. It was found from the data of these experiments that 

Re - = (14.7±2.2) 10"^ (NA48), Re - = (20.7±2.8) 10"^ (KTeV). (198) 



Thus, it was proved that the parameter e' is different from zero and is much 
smaller than the parameter e. Therefore, it was proved that effects of the 
CP violation, observed in the decays (11691) . can not be explained by the su- 
perweak interaction. It was shown that the measured value of the parameter 
Re - can be explained by the SM (see [26]). 

We will consider now the expressions (I182p and (I183P for e and e'. Ne- 
glecting quadratic in small parameters terms, for e we obtain the following 
expression 

- , {0\T\K2) 



{0\T\K,)' 



(199) 



For the parameter e' we find 

' V2 [{0\T\K,) 



+ e 



{2\T\K,) 
'{0\T\K,) 



1 {2\T\Ki) 
71 {0\T\Ki) 



{2\T\K2) {0\T\K2) 
{2\T\K,) {0\T\Ki) 



(200) 
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where 

{I\T\K,,2) = ^ {{I\T\K') ± {I\T\K')), / = 0, 2. (201) 

Let us consider the matrix elements {I\T\K^) and {I\T\K^). From the uni- 
tarity of the S-matrix we have 

T = T\ (202) 

From this relation we find 

{I\S^ T\K^) = ^{I\S^\n){n\T\K^) = {K^\T\IY . (203) 

n 

In the sum over intermediate states \n) enter |J), IvrTTTr), |'7r7r7) and other 
states. The main contribution gives the two-pion state |J): the state of three 
pions is forbidden by the conservation of G-parity in the strong interaction, 
contributions of other states are suppressed by phase space factor and by a. 
We have 

{I\S^\I) = e-2'■^^ (204) 

where 5/ is the phase of the tt — vr-scattering in the state with the total 
isotopic spin equal to /, the angular momentum equal to zero and the energy 
in the center of mass system equal to niK- 

Further, from the CPT invariance it follows that 

(if°|T|/) = {I\T\K^). (205) 

Thus, from the unitarity of the S*- matrix and the CPT invariance we find that 
the matrix elements {I\T\K^) and {I\T\K^) are connected by the following 
relation 

g-M, {i\T\K^) = {I\T\K'^)*. (206) 
Let us introduce the complex amplitudes Aj and Aj in the following way 

(/|r|A^°) = e'^'Ai, {I\T\K°) = e'^'Ai (207) 
From the relation (12061) we find that 

Ai = A*. (208) 

Thus, we have 

{I\T\K^) = e'^'Aj, {I\T\K^) = e'^'A}. (209) 
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In the case of the CP conservation we have that 



and 



(/|T|K°) = (/|T|ir°) 



Ai = A]. 



(210) 



(211) 



Let us return now back to relations fll99p and fl200p . Taking into account 
(12091) we find 

_ , .ImAo 



and 



V2 ReAo 



ReAo 

ImA2 ImAo 



ReAa ReAo 
From these relations we can conclude the following: 



(212) 
(213) 



1. 



TT 



^2 - ^0 + 2' 



(214) 



where = arg e' is the phase of the parameter e'. From analysis of 
the TT — TT scattering data it was obtained [65] 
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2. 



S2-So + - = (42.3 ± 1.5)° 



Re e = Re e 



(215) 



(216) 



The parameter e depends on the choice of arbitrary phase of the 
and \K^) states. We see from (I216P that Re e is rephrase invariant 
quantity. 



For the phase of the parameter e the following relation holds 

2 Am 



arctan ■ 



(217) 



where (pe = arg e. This relation is based on the Bell-Steinberger unitarity 
relation which we derive now. We have 



H aL = Xl ttL, al Ti) = X*s a^. 



(218) 
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If we multiply the first equation by from the left and the second one by 
ttL from the right and subtract from the first relation the second one we find 

(a^roi) =2(Ai-A*) (a^az,), (219) 

This relation can be rewritten in the form 

{Ks\T\Kl) = - K) {Ks\Kl) (220) 

The relation fl220p is the Bell-Steinberger unitarity relation. For the left-hand 
side of this equation we have 

{Ks\T\Kl)= 27, Y,{Ks\Hw\^) (i\Hw\Kl) 6{E,-m). (221) 

i 

In the sum over intermediate states \i) main contribution give two-pion states. 
Taking into account these states we have 

{Ks\T\Kl) - v+- ^{Ks ^ vr+TT") + r/oo r{Ks ^ 71%'). (222) 

Now, according to |A/| = 1/2 rule we have 

T{Ks 7T+7T-) ~ 2 T{Ks 7r°7r°). (223) 

From ([IMD, (HMD, and ([22SD we find 

{Ks\T\Kl) - (^ + I Voo) Ts = e Ts, (224) 



where F^ is the total width of i^^g- meson. Further, we find 

2Re e 
1 + |e 



{Ks\Kl) = , ~ 2Re e = 2Re e (225) 



From fl220D . fl22D and fl225D we obtain the following relation 

e Ts = 2(zAm + ^Ts) Re e (226) 

If we take the real part of (12261) we obtain identity. From the imaginary part 
of fl226p we find the following relation 

Im e 2Am 

= tan0, = -— . 227 
Re e 1 5 
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Thus, the phase of the parameter e is given by the relation fl217p . 

The mass difference Am and the width F 5 are connected by the empirical 
relation Am ~ ^^s- Thus, 0^ ~ 7r/4. The experimental data are in an 
agreement with this prediction of the theory. We have [32] 

0e = (43.5 ±0.7)°. (228) 

From fl215p and (12281) it follows that phases of the parameters e and e' are 
approximately equal 

(j), - (P,,. (229) 

Up to now we considered effects of the CP violation in the two-pion 
decays of K^-meson. Effects of the CP violation were observed also in the 
semi-leptonic decays 

Kl^n-l+ui, Kl^Ti+l-Ui. (230) 
Let us determine the CP asymmetry 

, _ T{Kl-.7,-l^vi)-T{Kl^nn-vi) 
^ T{Kl ^ TT-Z+z.,) + T{Kl ^ TT+Z-z/,) ' ^ ^ ^ 

where T{Kl -k^I^vi) and T{K^ — > n^l^ui) are the total widths of the 
decays vr^/^z// and Kl -k^I^vi. If the CP is conserved the asymme- 

try Al is equal to zero. In fact, in this case initial state is the eigenstate of 
the operator of the CP conjugation and final states are the CP conjugated 
states. The probabilities of the transitions to such states must be equal in 
the case of the CP conservation. 

Let us consider the asymmetry Al. The semi-leptonic decay of the K^- 
meson, which is the bound state of s and d quarks, is due to the transition 
s — > u + l^ + Analogously the decay of the ^°-meson, which is the bound 
state of the s and d quarks, is due the transition s —>■ u + l~ + vi. Thus, 
the decay —>■ Tt~~l^vi is allowed and decay n^l^ui is forbidden and 

the decay n^l^ui is allowed and —>■ n^l^ui is forbidden. This 

corresponds to the AQ = AS rule. Further, from the CPT invariance it 
follows that 

(7r+/-z/j|T|K°) = (ir°|r|7r-/+z/i) ~ {n- l+ui\T\Ky , (232) 
where we took into account that in the Born approximation T = T'^ . 
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From ffT72D and ([222]) we find 



|l + eP-|l-eP 2Ree ^ , , 

|1 + + |1 — 1 + |ep 

Now, taking into account (12161) . we finally have 

~ 2Re e = 2|e|cos0, (234) 

From experimental data for the asymmetry it was found the value [32] 

= (3.32 ±0.06) • 10^1 (235) 

From (12151) and (12351) for the parameter |e| was found the value 

|e| = (2.232 ±0.007) ■ 10"^ (236) 

In order to connect |e| with parameters, characterizing CKM mixing matrix, 
it is necessary to calculate quark box diagrams which determine the ampli- 
tude of —>■ transition. Taking into account the QCD corrections for 
the parameter |e| it was found the following expression 

\e\ = a f] [A% {I - p) + c], (237) 

where a, h and c are given in [26]. The equation fl237p gives hyperbola in p, -q 
plane. It is used in the standard unitarity triangle fit which we will discuss 
later. 



9 CP violation and mixing in B — B system 

We will consider in this section effects of the CP violation in decays of the 
mixed —B^ system. These effects were investigated in details in the BaBar 
and the Belle experiments at the asymmetric B-factories and in the DO and 
the CDF experiments at the Fermilab. At the B-factories B^ and B^ mesons 
are resonansly produced in decays of T(45'). 

The states of 5^ and B\ mesons, particles with definite masses and 
widths, are given by the following relations 

\B'lj,L)=v\B')Tq\B'), (238) 
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where p and q are connected with non diagonal elements of the effective 
Hamiltonian by the relations (I154p and fllSSp . Let us stress that we have 
choosen arbitrary phases of the states \B^) and l^'') in such a way that 
15°) = CP \B^). 

The states \B^^ ^) are eigenstates of the effective Hamiltonian Ti. with 
eigenvalues 

l^H,L = mH,L - «2 ^H,L- (239) 

Here itih^l and Thl are masses and total decay widths of -B^^. mesons. 
Because of the large difference in the lifetimes of the short-lived and long- 
lived kaons it is possible to produce beams of i^^^-mesons. In the case of the 

mesons the situation is different. The lifetimes of B^j and B^ are quite 
close. Only mixtures of B^ and B^ can be studied in experiments. 

Let us obtain first the mixed states which are the result of the evolution 
of the initial (at t = 0) and \B°) states. From fl238D we have 

\B') = ^{\B'^h) + \BI)), m = ^^{-\B%) + \Bl)). (240) 

From fl24UI) we find 



\B\t)) = 1 ie-^^-'\B'^) + e-^-*|fi°)) = g^t) \B') - ^ g^t) ^ (241) 
2p p 

and 

\B'{t)) = ^ {-e-^^-'\B%) + e-^^-'\Bl)) = g_{t) +^7+(t) 
2q q 

(242) 

Here 

g^{t) = 1 (e-^^«* ± e-^'^^*). (243) 
Let us present ixh,l in the form 

AtH = /i + ^ A/i, = - ^ A/i. (244) 



Here 



^ = ^ =m-i^T, Afi = fj,H - fJ^L = Am - AT, (245) 
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where 

m = , r = , Am = mH - tul, AT = Th - Tl- (246) 

Notice that by the definition Am > 0. From fl243p and fl244p for the functions 
g±{t) we obtain the following expressions 



g^{t) = ^ e-^^*(e-^^^^* ± e^^^^*). (247) 

Let us consider the decays of and 5° into a state |/) which is the eigenstate 
of the operator of the CP conjugation 

CP\f) = ±\f). (248) 

From (12411) for the transition amplitude we find 

{f\T\B'^{t)) = {f\T\B') {gAt) - Xf g-{t)), (249) 

where 

. _ 1 {mm 
- -p WW)- 

For the transition amplitude {f\T\B'^{t)) we have 

{f\Tmt)) = ^ (/|T|5°) {-g4t) + A; g^{t)). (251) 

From (12491) we find that the transition probability is given by the expression 

r{B\t) /) = T{B' f) {\g^it)\' + \g4t)\' - 2 ReX, g-(t)g;(t)). 

(252) 

Further, from (I247p we have 



and 



|^^(t)|2 = i e-^*(cosh^Art±cosAmt) (253) 

g^{t)g\{t) = e^^* (sinh ^AFt + i sin Amt). (254) 

From (I252|) . (|253|) and (1254]) for the transition probability T{B^{t) -> /) we 
obtain the following expression 

T{B\t)^f) = le-r*r(i?o^/) (1 + |A;|2) (cosh^AFt 

+ C/cosAmt + L'/sinh^AFt - S/sin Ami), (255) 
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where 

(l + |AyP)' (1 + |A;, , 

It is obvious from fl256p that parameters Cf,Df and Sj satisfy the relation 

Cj + Dj + Sj = l (257) 
For the transition probabihty r{B'^{t) /) from f l25ip we find 

T{B%t) ^ /) = \^\' TiB' f) i\g.it)\' + \\f\' Mt)\'-2Re\, g4t)g-(t)). 

(258) 

From ([253]), (ESI and fl2^ for the probabihty r(5°(t) ^ /) we obtain the 
following expression 

T{B%t)^f) = ie-r*|^|2r(i?o^/) (1 + |A^P) (cosh^AFt 

- C/cosAmt + L'/sinh-AFt + S'/sinAmt). (259) 

If CP is conserved (/|T|i?°) = ±{f\T\B^) , p = q and A/ = ±1. In this case 
we have: F(50(t) ^ /) = F(50(t) ^ /) = e-r«*(e-r^*) F(50 /). 

The quantity A/, which determine the time dependence of the probabil- 
ities F(i?°(t) f) and F(i?°(t) ^ /), does not depend on arbitrary phases 
of the states of B^, B^ and /. In fact, let us consider the states 

= e'"|fi°), = e-'°|5°), \fy = e"^\f), (260) 

where a and (3 are arbitrary constants. From fll54p and fll56p we have 

g' = e^°g, p' = e->. (261) 

From fl250D . fl260D and fl26TD we find 



^ " ^ '(/|T|i?o)' - ^^^^^ 



Let us consider now the matrix element F12. From (1B-35P we have 

Fi2 = 27r ^{B''\Hw\i){i\Hw\B'')5{E - ms) (263) 
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From this expression follows that the contribution to give intermediate 
states l^) in which both 5° and mesons can decay. In the Standard 
Model transitions to such states are strongly suppressed (see, for example, 
^26j). Thus, in the SM we have 

\Tu\ < IM12I. (264) 

From (11531) we find 



Au = Am - i-AT = 2\Mu\x (I - -^)(1 - -^) (265) 

^ 2 I i^iyv 2Mi2 2Mi*2 ^ 

Taking into account fl264p . from this expression we obtain 

a™ - ^Ar = 2 lAfcld - ^Re + 0(\^p (266) 



Thus, we have 



Am~2|Mi2|, AF ~ 2 Re ^ |Mi2|. (267) 

M12 



Let us consider now the mixing parameter ^. We have 



q H21 2 H, 



21 



(268) 



p V H12 A/i 
Neglecting terms of the order 0{\j^\'^), from (12661) and (12681) we find 



p |Mi2|(l-fRe 1^) |Mi2r 2 M 



12 
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Let us determine the CP asymmetry in the case of the decays of and 5° 
into the state / which is the eigenstate of the operator of the CP conjugation 

_ rmt) ^ /) - TjB^t) ^ /) 

' ^^"r(50(t)^/)+F(B0(t)^/)- 

In the SM in the case of the iJ^-mesons 

AFrf 



44 



< 1. (271) 



For example, in [BB] it was found 



i = (40.9+^-^) ■ 10"^ = 0.127 ± 0.024. (272) 

We will consider B*^ — i?°-system. We can neglect in (12551) and (12591) AF^. 
We can also neglect Im in (12691) . Thus, we have |^| ~ 1 and from (12551) 
and (12591) for the asymmetry we find the expression 

A^^{t) = -Cf cos Amt + Sf sin Amt. (273) 

In conclusion we will consider the following decays 

fi°(50)^ J/vP+K"^. (274) 

These decay modes are called golden by the reasons which will be clear later. 

Final J/\l/ and K^j^ particles are in the state with / = 1. Neglecting in 
the matrix elements of the decay small terms of the order of ~ 10"^ we can 
put \Ks) ^ \Ki) and \Kl) ^ 1^2)- Thus, we find 

CP \J/^ Kl^) = vs,L \J/^ KIl), (275) 

where rjs^i = =Fl- 

Matrix elements of the processes B^{B^) J /'^ + -R'^^ are determined 
by decays of the 6-quark, which are governed by the tree and penguin elec- 
troweak diagrams. If we take into account QCD corrections, the matrix 
elements of the process B^ —>■ J/\I^ + is given by the relation (see re- 
views [261 [25]) 

(j/vp Ki,\T\B',) = ^ E ^'^('") Ki,\or\B',) 

^ g=u,c k=l,2 
10 

+ J2Ck{f^){J/^Kl,\0l\B',)). (276) 

A;=3 

Here Ck{^j) are real Wilson coefficients, O^^ are 4-quark current-current op- 
erators and are 4-quark penguin operators (for the definitions see, for 
example. [25j). 
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For the matrix element of the process -B^ — ^ J/\E' + Kgj^ we have 

G 



* q=u,c k=l,2 
10 

+ (/i)(J/vl/K°J(O^)t|50)). (277) 



A:=3 

Further, we have 

(Or)t = (CP)-' or CP, (O^t = ^CP)-' 01 CP (278) 
From (12751) . (12771) and (12751) we find 

(j/vi/ jT|i?°) = r^5,L^ 5^ ^'^('") (^/^ ^°,Liori5°) 

^ q=u,c k=l,2 

10 

+ (/x)(J/^i^^,J0^|5°)). (279) 

fc=3 

Let us compare now the matrix elements {J/"^ Kg ]^\T\B^) and (J/^I/ Kg ]^\T\B^) . 
The ratio of these matrix elements which enter into the expression for the 
parameter Aj/^^o^ (see ( I250p ) depends on the CKM matrix elements and 
on the hadronic matrix elements. However, iKifeV^sl — l^feKsl- If we ne- 
glect in (I276P and (I279P the contribution of the terms proportional to iKifeKTsI 
and take into account that the product V^^Ks is real, we come to the following 
result 

(J/vI/ Klr\T\B^,) 



For the parameter Aj/^/^o^ we find 



Vs,L. (280) 



^J/^Kl^ - Vs,L ^ (281) 

Thus, in the case of the decays (12740 the parameter Aj/^^o^ (practically) 
does not depend on hadronic uncertainties of the decay matrix elements. 

The mixing parameter - is given by the relation 2 ~ (see ( fTSTj) ). 

Main contribution to the box diagrams which determine matrix element M12 
gives the virtual t-quark. We have 

1 ~ _e^'-s(^r6^«)' (282) 
P 
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From ([ISSD, dM]) and ([2H2D we find 



^J/^kIl ^ -^s,Le''^. (283) 



Thus, we have 



Cj/ii,KO ^ - 0' -^J/^nL - -^5,Lsin2/3. (284) 

From fl273p and fl284p for the asymmetry ^j/^^^o (t) we find the following 
expression 

A^f^j^o{t) = sin 2/5 sin Ami. (285) 
Asymmetry A'^j^^j^oit) differs by sign from Ajj^^j^oit). We have 

^j/l>Kl (t) = - sin 2/3 sin Amt. (286) 

We came to an important conclusion: the measurement of t dependence of 
the CP asymmetries in the decays B^{B'^) J/'^K^^ allow to determine 
the angle {3 in a model independent way ^7]. 

The asymmetries A(jp ^'^ (t) were measured by the BaBar collaboration 
in experiments at the asymmetric B-factory at SLAG and by the Belle col- 
laboration in experiments at the asymmetric B-factory at KEK. In these ex- 
periments the first evidence of the CP violation in B^{B^ decays was found 
and the value of the parameter sin 2f3 was determined [681 EH] • Recently the 
results of the measurement of the parameter sin 2/3 in the experiments which 
were performed during 1999-2006 were published [TOl [71] . 

At the asymmetric B-factories i?°-mesons are produced in the decay 
T(45') — >• B^ + B^. Flavor of a particle is determined by the tagging an- 
other particle. The proper time t in (12731) and other equations is given by 
difference between the proper time of reconstructed and tagged B^ mesons: 
i = Ucc—ttag- Because the B^ and B^ mesons are practically at rest in T(4S') 
rest frame we have tree — ^tag = ^""^"^c*"'^ ' where Zrec and Ztag are positions of 
corresponding decay vertices and jS'y is the Lorenz boost of T(4S'). 

In the BaBar experiment (347.5 ± 3.8) ■ 10^T{AS) ^ 5° + 5° decays 
were detected. For analysis were used decays determined by the transition 
b —>■ CCS. The decays into the following egenstates of the CP operator were 
analyzed: J/^K^g^ J/^Kl, m{2S)Kl, XaK^s^ 7],K^s and J/^Kf. 
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From analysis of the data the following result was obtained 



sin 2p = 0.710 ± 0.034 ± 0.019, C = 0.070 ± 0.026 ± 0.018. (287) 

In the Belle experiment 535 ■ 10^ T{AS) —^B^ + B'^ decays were detected. 
From analysis of the decays into J/'^Kg and J/'^Kl states it was found j7T] . 

sin 2P = 0.642 ± 0.031 ± 0.017, C = -0.018 ± 0.021 ± 0.014. (288) 

Thus, the parameter sin 2/? is known today with accuracy about 5%. This 
model independent result is very important for the unitarity triangle fit of 
the experimental data which we will discuss in the next section. 



10 Unitarity triangle test of the Standard Model 

Several groups [72l \73[ [7H [75] analyze experimental data with the aim to 
perform the unitarity triangle test of the Standard Model and to search for 
effects of beyond the SM physics. Different groups use different statistical 
methods of the analysis of experimental data. We will present here some 
results of the UTfit collaboration [721 [73] which use the Bayesian method. 
Other groups obtain similar results. 

In the standard unitarity triangle fit the results of the measurement of 
the following quantities are used 

1^1, Am,, 6 and sin2/3. (289) 

Vcb ^rus 

From (11201) we have 

||^| = Av/7T7=^-^ V;^^, (290) 

where p and fj are determined by Eq. f ll26p . Mass differences Am, and Am^ 
are given by f ll05p . For the ratio we have 

|;^.A^[(i-p)^+,^,;^Z|^ (291) 

Am, TUB, fiBs, 



14 



The first error is statistical and second is systematical. 
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The expression for the parameter e is given by 02371) . 

Let us obtain sin 2/5 as a function of p and fj. From Fig.l we find that 



sin (3 



V 



From these relations we have 

sin 2/3 = - 



cos P 



;i-p) 



:i-p)2 + r/2' 



(292) 



(293) 



From the fit of the experimental data the unique region in the plane of the 
parameters p, fj was found (see Fig 2). 




Figure 2: 68% and 95 % total probability regions of the allowed values of the 
parameters p and fj. The values of the quantities iKifel/lKbl, ^^d, Am^, e 
and sin 2/5 were used in the fit 



For the parameters p and rj the following values were obtained 

p = 0.196 ±0.045, r/ = 0.347 ±0.025. (294) 

These values determine the vertex B of the triangle in Fig 1. 

The values of the parameters (I289P overconstrain the unitarity triangle. 
For example, position of the vertex B can be obtained if only the parameters 
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I-^I, Am(i and Arris, which determine lengths of the sides of the triangle, 
are used in the fit. From the result of such fit the value of the parameter 
sin 2/5 can be predicted. In [72] it was found 

sin 2/? = 0.734 ±0.043 (295) 

We can compare (12950 with the measured values of the parameter sin 2/?, 
given by (12871) and (12881) . This comparison illustrates the evidence in favor 
of the correctness of the Standard Model. 

Recently at the Tevatron in the Fermilab the mass difference Am^ was 
measured by DO [61] and CDF [59] collaborations. In the CDF experiment 
it was found 

Am, = (17.77 ±0.10 ±0.07) ps-^ (296) 

The Belle collaboration measured the branching ratio for the leptonic decay 
B ^ T + u^: 

BR{Bd ^r + u^) = (IM^Jq^s ± 0.18) ■ 10"^ (297) 

From this measurement the value of the constant Jb^ can be determined. 

The BaBar and Belle Collaborations by the investigation of the decays 
B^ —>■ 7171, B^ ^ pp, Bfi —>■ TTTTTT and Bd — > D*K* obtained the information 
about the values of the angles a and 7 (see [76]). 

In the new analysis of the UTfit collaboration [73] all these data were 
used. If in the analysis only the values of the angles a, j3 and 7 are used, for 
parameters p and f] the following values were found 

= 0.204 ± 0.055, = 0.317 ± 0.025. (298) 

If the quantities iTf^l, Am^^, Am,, e and results of the lattice calculations 
are used, in this case it was obtained 

= 0.197 ±0.035, = 0.380 ± 0.025. (299) 

From the fit of all data it was found 

= 0.197 ±0.031, 77 = 0.351 ± 0.020. (300) 

The fit of all data is presented in Fig. 3. 

From this analysis (and analysis performed by other groups) we can con- 
clude that existing data are in agreement with the Standard Model. However, 
it is necessary to stress that accuracy of the experimental data are limited 
and complicated QCD calculations are used in the analysis. There is still a 
room for beyond the SM physics (see,for example, [25]). In order to reveal it 
more precise data and progress in theoretical calculations are mandatory. 
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p 



Figure 3: Allowed values of the parameters p and fj (68% and 95 % total 
probability regions are shown [73]). The values of the quantities |V^b|/|Kfe|, 
Am^i, Am^, e, /?, 7 and a were used in the fit . 
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11 Conclusion 



The Glashow-Weinberg-Salam unified theory of weak and electromagnetic 
interactions is outstanding achievement of the XX century physics. It was 
created as a resuh of a long period of the development of the phenomeno- 
logical theory during which violation of P, C [77] and later CP [6] were 
discovered and universal V — A current x current theory of the weak inter- 
action were proposed |78l [79] . 

The SM predicted a new class of the weak interactions (neutral currents), 
vector and bosons and their masses. After r-lepton was discovered 
the SM predicted that other members of the third family of quarks and 
leptons (b and t quarks and the third type of neutrino v^-) must exist. All 
predictions of the SM were perfectly confirmed by experiment. 

Only one prediction of the SM, existence of the scalar neutral Higgs boson, 
is still waiting for its confirmation. The search for the Higgs boson will be 
one of the primary goal of the future LHC collider at CERN. 

With the experiments at the LEP and SLD in the nineties next step in the 
testing of the SM started. The precision of these data required calculations of 
radiative corrections. At present numerous data of LEP, SLD, BaBar, Belle, 
CDF, DO and other experiments are in a good agreement with the prediction 
of the SM. The fit of all electroweak data allows to predict the upper bound 
of the mass of the Higgs boson (see, for example. |32j): tuh < 235 GeV at 99 
% CL. 

In 1999 with the beginning of BaBar and Belle experiments at asymmet- 
rical B-factories at SLAC and KEK a new stage in the testing of the SM 
started. In the framework of the SM violation of the CP invariance is due 
to one physical phase in the unitary 3x3 CKM mixing matrix. This phase 
enter into the unitarity triangle relation which is a consequence of the orthog- 
onality of different columns (or lines) of the mixing matrix. The numerous 
tests of this relation became possible with new B-factory data. Existing data 
are in a good agreement with the Standard Model. This agreement confirms 

• The basic assumption of the SM that two sets of quarks fields, fields 
q'^ which possess definite transformation property and fields of quarks 
with definite masses q^, are connected by unitary transformation. 

• The assumption that only three quarks families exist in nature. 

It is necessary, however, to stress that the unitarity triangle test is based not 
only on experimental data but also on nonperturbative QCD calculations of 
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relevant matrix elements. A room for a new physics is still open. Improve- 
ment of the accuracy of data and improvement of the accuracy of the lattice 
and other calculations is a key problem for the future progress. 

It is a pleasure for me to acknowledge the ILIAS program for the support 
and theory department of the TRIUMF for the hospitality. 

Appendix A. Comparison of M° ^ M° oscillations with neutrino 

oscillations 

It is of interest to compare M° ^ oscillations with neutrino oscil- 
lations recently discovered in the Super Kamiokande ^801, SNO [81] , Kam- 
LAND [82] and other neutrino oscillation experiments [831 EH [85l [871 (HI] . 

Particles with definite fiavor and M° (M° = K^, 5° ^, ...) are produced 
in strong interaction processes. States of these particles are eigenstates of the 
Hamiltonian of the strong and electromagnetic interactions which conserve 
the quark flavor. In processes of production of M° and M° effects of the weak 
interaction, in which quark flavor is violated, are negligibly small and can be 
neg lected. After M° and M° are produced weak interaction play the major 
role. Because of the weak interaction M° and M° decay and eigenstates 
of the total Hamiltonian \M^) and |M°) have different masses and widths. 
Thus, M° ^ M° oscillations are due to the existence of strong interaction in 
which quark flavor is conserved and weak interaction in which quark flavor 
is changed. 

Neutrinos have only weak interaction. However, neutrino masses are very 
small. In neutrino production and neutrino detection processes neutrino 
masses can be safely neglected. This means that in such processes lepton 
flavor numbers Lg, and are conserved: together with lepton flavor 
neutrino ui is produced , flavor neutrino z// in a charge current process pro- 
duce /~ etc . After flavor neutrino is produced small neutrino masses (and 
neutrino mixing) play the key role. Because of neutrino masses, in the neu- 
trino propagation different mass components of the mixed flavor neutrino 
state acquire different phases. This is a physical reason for the neutrino 
oscillations ui ^ ui' (see, for example, [891 [90]). 

In the framework of the Standard Model CP violation is connected with 
the physical phase in the mixing matrix. As we have seen, in the case of 
two families there are no physical phases in the mixing matrix. The CP 
invariance can be violated if (at least) three families of the quark and leptons 
exist. 
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In the case of neutral bosons oscillations take place only between two 
particles M° and M°. In order to reveal CP violation in decays of these 
particles one must observe effects of all three families of quarks. Because 
observable particles are hadrons and not quarks Jarlskog invariant J does 
not enter in the quantities which characterize the CP violation. 

Neutrinos are stable particles. In order to observe effects of the CP 
violation in neutrino oscillations all three neutrinos must be involved in the 
transition probability. Only elements of the neutrino mixing matrix and the 
neutrino mass-squared differences enter into the transition probabilities. It is 
natural to expect that effects of the CP violation in the neutrino oscillations 
are determined by the Jarlskog invariant. We will demonstrate this below. 

The Lagrangian of neutrino interaction has the form 

^C^'^l^) = -TT^ + h.c, £^^(x) = jr(x)Z"(x), 

2v2 icost'w 

(A-1) 

where the charged current ia^{x) and the neutral current ia^{x) are given 
by the expressions 

j^^(x) = 2 ^ uil{x)^M^). jTi^)= Yl ^iL{x)-f^^iL{x). (A-2) 
Here 

3 

J^il{x) = ^UiiUiLix), (A-3) 

k=l 

is the "mixed field". In (1A-3P i^iix) is the field of neutrino with mass and 
U is the unitary 3x3 PMNS mixing matrix [OTl 192] . For neutrinos, particles 
with electric charges equal to zero, there are two possibilities (see [93| [M]) 

1. If the total lepton number L = + L ^ + conserved, neutrinos Ui 
are Dirac particles. 

2. If there are no conserved lepton numbers, neutrinos z/j are Majorana 
particles. 

The probabilities of the transition ui — > z/^/ and ui — > z/p (/, /' = e, /i, r) during 
the time t in the three-neutrino case, we are considering, is given by the 
following expressions (see, for example, [M] ) 

3 

Piui^ui') = \J2u,.e-^^^'u;, r (A-4) 

i=l 
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and 

3 

P{iyi^iyi') = \J2uk^~'''''Uu r. (A-5) 



i=l 

2 

Here ^ p + ^ is the energy of neutrino with mass and momentum p. 

If CP is conserved in the case of the Dirac neutrinos arbitrary phases of 
the fields of the leptons and neutrinos can be chosen in such a way that 

Uu = Uu. (A-6) 

If Vi are Majorana particles from the condition of the CP invariance we have 
(see inS]) 

= Uu Vi, (A-7) 

where rji = ±i is the CP-parity of the Majorana neutrino with the mass rrii. 

From f[01) . fE^ . f[ra and fE^ it follows that in the case of the CP 
invariance for the Dirac as well as for the Majorana neutrinos we have 

P{ui ^ u,) = P{ui ^ Pv)- (A-8) 

If we compare expressions flA-4p and flA-5p we come to the conclusion that 
transition probabilities satisfy the following relation 

P{ui ^ uv) = P{uv ^ h). (A-9) 

This relation is the consequence of the CPT invariance inherent to any local 
quantum field theory. It follows from flA-9p that the equality 

P{pi ^ ui) = Piui ^ ui) (A-10) 

is a consequence of the CPT invariance. Thus, if the inequality 

P{ui-^ui,)^P{iy,^iyi), I'^l (A-11) 

takes place it would be a proof of the CP violation in the lepton sector. 
Let us consider now the expression (1A-4P for the transition probability 

P{ui — > I'll). We have 

p{vi ^ VI,) = J2 u;,, u;, Uike-'^^^-^""". (A-12) 

i.k 
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Here 



{Ei — Ek) t 



Ami: 



ki 



2E 



(A-13) 



where L is the distance between the neutrino production and the neutrino 
detection points and Am^^ = mf — ml. From (1A-12P for the transition 
probabihty we find the following expression 



P{ul~^Ul>) = Y,\Ul'^\'\Uu\^ + 2Re5^UnUpkU* U 



Ike 



(A-14) 



i>k 



Further, from the condition of the unitarity of the mixing matrix U 

U;, = 6,1. (A-15) 



we find 



J2 l^^'^l' = ^I'l - 2Re J]U,iUi\Uri Uik. (A-16) 



i>k 



From flA-14p and flA-16P for the transition probability we obtain the following 
expression 



Piui ^uv) = 6,1 - 2 Re ^ U^; V*,, Uik (1 - e"' ^ 
From ( ]A-17I) we have 



(A-17) 



i>k 



Am? 



Piui^u,) = <5,,-2 5^Re(UnUr,kU*Uik)(l-cos^L) 



i>k 



Am? 



+ 2^Im(UnUi\U*Uik) sin^L (A-18) 



i>k 



Analogously, for the probability of the transition z// —>■ we find 

P{vi^vv) = 5r/-2 5^Re(U,iUr,kUriUik)(l-cos^L) 



i>k 



2^Im(Ui,Ur,kUriUik) sin^L 

i>k 



(A-19) 
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Let us introduce the quantity 

4^ = ImU,iUikUr,kUri. (A-20) 

In the case of the CP invariance from (1A-6P for the Dirac neutrinos and from 
(]A-7p for the Majorana neutrinos we find 

Jin = 0- (A-21) 
From the definition flA-20p we have 

jik jki jik jik ( \ nr)\ 

Further, from the unitarity of the 3x3 mixing matrix U we find 

^ j;^ = 6,1 Im Ur,k Uik = 0,5^ Jj^i = 5ik Im U^; Uik = 0. (A-23) 

i 1' 

From (1A-22P and the first equation (]A-23P we have 

J^] = JM = Jfl (A-24) 
Further, from flA-22p and the second equation flA-23p we find 

Ji!^ = J^ = J^. (A-25) 
If we introduce the following notation 

Jll = J (A-26) 

from (1A-24P and (1A-25P we have 

Ji!l = ±J, I'^l, i^k. (A-27) 

Thus, in the neutrino case, as in the quark case (see section 3), exist only 
one independent Jarlskog invariant. 

Let us consider now the last term of the expression (lA-lSp for V ^ I. 
Taking into account flA-22p . we find 

2 > Jn, sm L = 2 J?} (sm L + sm ^ L - sm L) . 

^ " 2E " ^ 2E 2E 2E ' 

i>k 



(A-28) 
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It is obvious that 

Am^g = Am^2 + ^^23- (A-29) 
Further, for any a and b we have 

a b (a + b) 

sm a + sm — sin(a + 0) = 4 sm — sm - sm (A-30) 

2 2 2 

From (lA^ . (lA^ and ([OOj) we find 

2yj^t sin^L = 8J- sin^Lsin^Lsini^!^il±^L. 

(A-31) 



2E " 4£; AE 

i>k 



Let us determine CP asymmetry 

A'i^i'' = P{ui ^ u,) - Piui ^ u,) l^l' (A-32) 

From the unitarity of the mixing matrix and the CPT invariance it easy to 
obtain the following relations 

ACP_^CP__^CP rA 

In fact, from the unitarity of the mixing matrix we find 

l'=e,fi,T 

Further, from the relation flA-9P we have 

A'pf = —Aff!. (A-35) 

From flA-34p and flA-351) we obtain the following relations 

+ Ag^ = 0, < + A'^^ = 0, Ag^ + Al^ = 0. (A-36) 

From flA-36P we easily find the relations (IA-33p . Thus, in the case of three 
families exist only one independent asymmetry. 
From dAHS]), (!A^ . (^K^ and (!A^ we find 

= 16 J sin ^ L sin ^ L sin ^^"^^^ + ^"^^^^ L. (A-37) 

AE AE ^ ' 
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Thus, the CP asymmetry is proportional to the invariant J. Let us comment 
this connection. 

The transition probabihties flA-41) and flA-51) are invariant under the phase 
transformation 

-^e-*"' %e-^^% (A-38) 
where ai and Pi are arbitrary constant phases. It is obvious that 

1. The CP asymmetry is also invariant under the transformation (]A-38p . 

2. The CP asymmetry is equal to zero in the case of the CP invariance. 

The Jarlskog invariant J satisfies both these conditions. 

As we have seen there exists only one Jarlskog invariant in the case of the 
three-neutrino mixing. This is connected with the fact that only one phase 
characterizes the mixing matrix. Let us comment now this last statement. 
In the case of the Dirac neutrinos, like in the quark case, one physical CP 
phase characterizes mixing matrix. In the case of the Majorana neutrinos 
3x3 mixing matrix is characterized by three CP phases [96j. However, two 
additional Majorana phases do not enter into expressions for neutrino and 
antineutrino transition probabilities |96j . 

The 3x3 PMNS neutrino mixing matrix can be parameterized in the 
same way as CKM quark mixing matrix (see ( ITHl) ). For the Jarlskog invariant 
we have in this case 

J = - Si2 Si3 S23 sin 5 Ci2 C23 (A-39) 

It follows from flA-37p and flA-39p that in order the CP asymmetry is different 
from zero it is necessary that not only the CP phase but also three mixing 
angles 6'i2, 6*23 and ^13 and two mass-squared differences Am^g and Am^2 ^'^^ 
different from zero. Thus, in order to reveal violation of the CP invariance 
in the lepton sector all three families must be involved in oscillations. 

Appendix B. Evolution equation for Af° — Af° system 

The physics of the M° - M° system (M° = K°,Bl^,...) is based on the 
evolution equation. We will show here that wave functions of such systems 
satisfy the Schrodinger equation with non hermitian Hamiltonian. 

Let us consider, as an example, — system. and mesons, 
are particles with the strangeness +1 and -1, correspondingly. They are 
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produced in strong interaction processes in which strangeness is conserved. 
After ( K^) is produced weak interaction in which strangeness is changed 
plays the major role: due to weak interaction particles decay and transitions 
^ K° take place. 

We will present the total Hamiltonian in the form 

H^Ho + Hw, (B-1) 

where Hq is a sum of the free Hamiltonian and the Hamiltonian of strong 
and electromagnetic interactions and is the Hamiltonian of the weak 
interaction. 

Let \K^) and be the states of K*^ and K*^ in their rest systems. 

These states are eigenstates of the Hamiltonian Hq and of the operator of 
the strangeness S. Assuming CPT invariance of the Hamiltonian of the strong 
and electromagnetic interactions we have 

Ho\K^) =m\K°), Ho\K^) =m\K^) (B-2) 

and 

S = \K^), S = -\K^), (B-3) 

where m is the mass. Due to the CPT invariance the masses of K° and K° 
are the same. 

Because of the conservation of the strangeness by the Hamiltonian Hq the 
vectors \K^) and \K^) can not be distinguished from vectors 

\Ky = e^^"|i^°) = e^"|X°), 1^0)' = e^^"|i?°) = e-^"|i^°), (B-4) 

where a is an arbitrary constant phase. 

The operators of the CP conjugation and the strangeness anticommute 
with each other 

CP S + S CP=0 (B-5) 

From this relation we have 

S CP\K°) = -CP\K^). (B-6) 

Thus, we have 

CP\K^)= ricp (B-7) 
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where rjcp is a CP phase factor. Taking into account the freedom in the 
choice of the phases of the vectors \K^) and \K^) we can put rjcp = 1- In 
this case we have 

CP\K^) = \K^). (B-8) 

In this review we used this choice. However, we demonstrated that measur- 
able quantities does not depend on the choice of arbitrary phase factors. 
Let us consider now the Schrodinger equation for a vector We 

^'-^-Hmt)). (B-9) 
The formal general solution of the equation (]B-9p has the form 

|^(t)) = e'^' |*(0)), (B-10) 

where | ^1/(0)) is the vector of the state at the initial time t = 0. 

It will be convenient to present the solution fIB-lOp in another form. Let 
us denote \n) the normalized eigenvector of the total Hamiltonian. We have 

H \n) = En \n), {n\n) = 5„/„. (B-U) 

The vector |^E'(0)) can be developed over the vectors \n). We have 

1^(0)) = J2 \n) (^l^(O)) (B-12) 

n 

From flB^ . flB^ and flB^ we find 

= ^e"'^"* |n) (n|^(0)) (B-13) 

n 

Further for t > we have 

— 1 p-iEt 

27rz E - En + ie 

From (]B-lip . (IB-lSp and (]B-14p we find that the solution of the equation 
( ]B-9|) can be presented in the form 

\m{t)) = — / e-^^* ciE |v|>(0)), (B-15) 
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where 

We assume now that the initial state |^I^(0)) is a superposition of the states 
of and mesons. We have 

1^(0)) = 



0=1,2 



where \K^) = |1) and \K^) = \2). 
At t > we have 



«=1,2 i 

where ai(t)(a2(^)) is the amphtude of the probabihty to find (-^°) at time 
t and \i) are states of the particles which are produced in decays of neutral 
kaons (vrvr, tttttt, ttIui etc). 

From flB-lSP and flB-17p for the wave function aa{t) we find the following 
expression 



— 1 f°° 

(t) = (a'l^(t)) = / G+(E) \a) e"^^* dE aJO) (B-19) 



Up to now all our equations were exact. Now we will develop perturbation 
theory over the weak interaction. From flB-161) we have 

(E-Ho-Hw + ie) G+{E) = 1 (B-20) 

If we multiply this equation by the operator from the left we obtain 

the Lippman-Schwinger equation for the operator G+{E): 

«-'^) = ¥31^+B3iT«^»-G.W. (B-21) 

We will obtain now the matrix element ( a'\ G^{E) \ a) in the form of 
perturbation series. From flB-2p we fincj^ 

{a'\ G+{E) \a) = ^ . + ^ \. \a") { a"\ G+{E) \ a) + 

E — m + te E — m + te ^-^ 

a" 

E — m + te ^—^ 



"'^^The sum means sum and integration over corresponding variables in the state |i) 
and sum over all possible states 
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Now, taking into account that {i\<y) = from (lB-2ip we find 

(z| G^{E) \a) = I \a") {a"\ G+{E) \a) + 

a" 

+ ^( i\ Hw I i') G+{E) \a)] (B-23) 
i' 

This equation can be easily solved by iterations. Its solution can be presented 
in form of the perturbation series over the weak interaction. We will consider 
only the first term of the series. 
From (IB^ and (IB^ we find 

("1 G.iE) b> = ^^^^+^-L^ ^(a'l RiE) la") GJE) la). 

ai 

(B-24) 

where up to the terms of the second order of the perturbation theory we have 



(a'l RiE) \a") = {a'\ Hw I \i) -77—^^ -(^1 Hw \a") + ... 

' (B-25) 
In the matrix form the equation (1B-24P can be written as follows 

GAE) = + R(E) G+(E), (B-26) 

^ E-m + ie E-m + ie ^ ^ ^' ^ ' 

where G+{E) and R{E) are 2x2 matrices with elements {a'\ G+{E) \a) and 
(a' I R{E) I a). This matrix equation can be easily solved. We have 

G+(E) = ^— (B-27) 

+ ^ ^ E-m-R{E)+ie ^ ' 

From (]B-19P and (]B-27p for the wave function a{t) we find 

— 1 /"°° p-iEt 

ait) = / — — dE a(0) (B-28) 

Because \R{E)\ <^ m the pole in the integral (lB-281) is at the point E ~ 
m. We have R{E) = R{m) + {E — m)^\E=m + .... The second term of 
this expansion is much smaller than the first one. We will neglect it. This 
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approximation is called the Weisskopf-Wigner approximation [27] . In this 
approximation we have 

— 1 /"°° p-iEt 

/ J, - dEa{0)=e~''^' a{0), (B-29) 

where 

n = m + R{m). (B-30) 

From flB-291) we come to the conclusion that the wave function of K^ — K^ 
system satisfies the Schrodinger equation 

= ^ ^(^) (B-31) 

Let us consider now the effective Hamiltonian Ti. Taking into account the 
relation 

= P ^ - m6(Ei - m) (B-32) 

from flB-25P we find 

H = M - - r, (B-33) 

where 

Ma'a = ITT' ^a'a + («'| \a) + P'S^{a'\ Hw H) \a) (B-34) 

^-^ m — Ei 

and 

Va'a = Svr ^^(tt'l Hw \i) {i\ Hw \oi) S{Ei — m) (B-35) 

i 

It follows from these expressions that M and F are hermitian matrices: 

= M, F^ = F. (B-36) 

Thus, summarizing, wave function of K^—K^ system satisfies the Schrodinger 
equation with effective non hermitian Hamiltonian Ti which is given by 

Let us consider Mn ( M22). The first term in flB-34p is the bare mass of 
{K'^)- The second and third terms are the corrections to mass. Thus, Mn 



We took into account that imaginary parts of the eigenvalues of Ti are negative 



64 



( M22) is the mass of (K^) with corrections due to the weak interaction. 
From the CPT invar iance it follows that 



Mn = M22. (B-37) 

From flB^ follows that Fn (F22) is total decay width of {K°). Taking 
into account the CPT invariance we have 

Til = F22. (B-38) 

Thus, if the CPT invariance holds we have 

Hn = H22. (B-39) 

In the case of the CP invariance we have 



Hii = 7^22. (B-40) 

and 

nu = n2i. (B-41) 

If the relation flB-39p is violated this means that CPT and CP are violated. 
The violation of the relation (]B-41I) is a signature of the CP violation. 

The relation (lB-4ip was obtained under the assumption that the arbitrary 
phases of the states are chosen in such a way that \K^) = CP \K^)- If we 
change the basic states and instead of \K^) and \K^) will use \K^)' = e*" \K^) 
and \K^y = e~*" "we will have 

n[, = e-'"^n',,. (B-42) 

Thus, there is no any relations between the phases of the non diagonal ele- 
ments of the matrix Ti in the case of the CP invariance. Only the violation 
of the relation 

IH12HIH21I (B-43) 

is a signature of the CP violation. 

Let us notice that in the case of T invariance we have 



1^12 1 = 1^21 1 . (B-44) 

ion 

1)0 — Z)° and other systems. 



It is obvious that all relations we derived here are also valid for B^^ — B^^, 
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